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ARTICLE INFO ABSTRACT
Keywords: The multifunctional nature of UiO-66-NH: as a drug carrier positions it as an optimal candidate
Breast cancer for encapsulating and delivering anticancer agents. This study developed a folic acid (FA)-func-

Ovarian cancer

tionalized metal-organic framework (MOF) based on UiO-66-NH: to facilitate the targeted de-
Metal-organic framework

Cisplatin livery of cisplatin (CIS) to MDA-MB-231 breast cancer and A2780 ovarian cancer cells. Fourier

Apoptosis transform infrared spectroscopy (FT-IR) confirmed the successful encapsulation of CIS within

Ui0-66-NH,-CIS-FA UiO-66-NHz, while the drug release profile demonstrated a sustained, pH-responsive release of
CIS, with a pronounced increase in the acidic tumor microenvironment. The MTT assay revealed
excellent biocompatibility of UiO-66-NH2-FA with HFF healthy cells, whereas UiO-66-NH2-CIS-FA
significantly enhanced anticancer activity against MDA-MB-231 and A2780 cells. Treatment with
UiO-66-NH2-CIS-FA induced substantial apoptosis in both cell lines, leading to a marked upre-
gulation of BAX and P53 gene expression, alongside the downregulation of BCL2, CCND1, and
CDK4. Furthermore, cells treated with CIS, UiO-66-NH2-CIS, and UiO-66-NH2-CIS-FA exhibited a
significant increase in DCF fluorescence compared to the control group, indicating elevated ROS
generation. UiO-66-NH2-CIS-FA demonstrated enhanced drug-loading capacity and cytotoxic ef-
ficacy against cancer cells. Functionalization of UiO-66-NH2-CIS with FA presents a promising
strategy for targeted cancer therapy by improving drug delivery specificity and enhancing ther-
apeutic outcomes.

1. Introduction

Breast and ovarian cancers exhibit a complex etiology involving both genetic and non-genetic factors, contributing to their high
heterogeneity. According to recent global cancer statistics, breast cancer accounted for 11.7 % of newly diagnosed cancer cases in
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2020, surpassing lung cancer as the most frequently diagnosed malignancy worldwide [1]. Ovarian cancer ranks fifth in cancer-related
mortality among women in industrialized countries and represents the sixth most prevalent cancer globally [2]. These malignancies
necessitate urgent therapeutic and diagnostic interventions [3,4]. Platinum-based compounds are widely employed in the treatment of
various cancers, including ovarian, bladder, breast, lung, head, and neck malignancies [5]. Cisplatin (CIS), a commonly utilized
platinum-based chemotherapeutic agent, is particularly effective in treating several subtypes of breast cancer [6]. CIS exerts its
anticancer activity by inducing DNA damage through the formation of platinum-DNA adducts, leading to G1/S cell cycle arrest and
apoptosis. Studies have demonstrated that CIS targets multiple pathways to exert its therapeutic effects, often binding to mitochondrial
DNA (mtDNA) or genomic DNA (gDNA) to form DNA lesions, inhibit the synthesis of proteins, messenger RNA (mRNA), and DNA,
disrupt DNA replication, and activate transduction pathways that ultimately result in necrosis or apoptosis [7]. However, the clinical
use of CIS is associated with significant adverse effects, including nephrotoxicity and neurotoxicity. Tumor-targeted drug delivery
platforms offer a promising approach to delivering therapeutic agents directly to tumor sites, enhancing treatment efficacy while
reducing off-target toxicity in normal tissues [8].

Nanomedicine and nano-delivery platforms represent emerging interdisciplinary fields that focus on utilizing nanoscale materials
for diagnostic applications and targeted therapeutic delivery. Nanotechnology presents promising opportunities for the treatment of
chronic human diseases, including cancer, by enabling precise drug delivery to specific sites [9,10].

Metal-organic frameworks (MOFs) are hybrid porous materials synthesized through the coordination of metal ions with organic
ligands [11]. The first identification of these advanced porous materials occurred in the late 1980s when Robson and Hoskins engi-
neered specific spatial topologies by coordinating multi-dentate ligands with metal centers. The application of MOFs as solid catalysts
or catalyst supports in various chemical transformations has demonstrated significant potential [12,13]. As biomaterials, MOFs exhibit
advantageous properties such as high pore volume, large internal surface area, uniform porosity, and remarkable stability [14,15]. The
exceptional characteristics of MOFs have facilitated their extensive utilization in various biomedical applications, including enzyme
catalysis, gas storage, pH sensing, diagnostics, photovoltaic applications, and drug delivery [16]. The physical and chemical properties
of MOFs, along with their unique structural versatility, allow for extensive customization [17]. Several MOFs containing metals such as
chromium (Cr), iron (Fe), zinc (Zn), and zirconium (Zr) have been employed as drug delivery systems [16]. Given the potential toxicity
associated with chromium-based compounds, alternative low-toxicity metals have been explored in MOF synthesis. Zirconium-based
MOFs have gained widespread attention due to their non-toxic nature, superior stability, and biocompatibility with living systems
[18].

Zirconium’s exceptional biocompatibility has driven extensive research on its MOFs, including the well-characterized Zr tere-
phthalate UiO-66 for drug delivery applications. UiO-66 consists of [ZréOs(OH)4] octahedral clusters coordinated with benzene-1,4-
dicarboxylic acid (BDC) ligands [19].

In recent years, MOFs have garnered substantial interest for their potential in drug delivery systems, particularly in cancer therapy.
Among these, UiO-66-NH: has emerged as a promising candidate due to its high surface area, tunable porosity, and excellent
biocompatibility. Various functionalized UiO-66 derivatives have been explored for encapsulating anticancer drugs, benefiting from
their remarkable chemical and physical properties, including exceptional water resistance, superior chemical, thermal, and me-
chanical stability, optimal biodegradability, and extensive surface area [20]. He et al. reported a Zr-based MOF designed for the
delivery of CIS, which enhanced its therapeutic efficacy by overcoming drug resistance in ovarian cancer cells [21]. Anticancer agents
such as 5-fluorouracil (5-FU) and doxorubicin have been successfully encapsulated within UiO-66 MOFs, demonstrating significant
potential in inhibiting the proliferation of breast and ovarian cancer cells in experimental models [22-24]. Orellana-Tavra et al.
investigated the transport of the hydrophilic drug calcein within the UiO-66 framework, highlighting its suitability for controlled drug
release applications [25]. Nasrabadi et al. synthesized UiO-66 via a solvothermal technique to achieve the controlled release of cip-
rofloxacin, further expanding the biomedical applications of these frameworks [26].

UiO-66-NH: has been utilized for the pH-dependent delivery of quercetin, exhibiting sustained release and significant cytotoxic
effects against MDA-MB-231 breast cancer cells through apoptosis induction. Studies have highlighted the potential of Fes04-COO-
H@UiO-66-NH: as a targeted nanocarrier for anticancer drug delivery [27]. This framework has also been employed for the delivery of
curcumin, effectively addressing its low bioavailability and solubility challenges. The release of curcumin from UiO-66-NH2 was found
to be pH-dependent, with a favorable biocompatibility profile, indicating its potential for safe drug administration [28]. In colorectal
cancer models, UiO-66-NH: loaded with oxaliplatin exhibited enhanced anticancer efficacy by significantly inhibiting cell proliferation
and migration compared to the free drug [29].

Doxorubicin-loaded UiO-66-NH= demonstrated controlled release and high biocompatibility, leading to a significant reduction in
adverse side effects compared to free doxorubicin [30]. UiO-66-NH2/DOX exhibited maximum cytotoxicity against A549 lung cancer
cells at a concentration of 100 pg/mL [31].

The tumor microenvironment is increasingly recognized as a key factor influencing cancer treatment outcomes [32]. The inte-
gration of molecular targeting agents, such as antibodies, peptides, and folic acid (FA), into nanoscale drug delivery systems has shown
significant promise [33,34]. FA, a single-chain glycoprotein, is overexpressed in several cancer types, including ovarian, breast, head
and neck, brain, and lung cancers, due to its high affinity for the folate receptor, which is expressed at low levels in normal cells. The
overexpression of folate receptors on cancer cell surfaces facilitates enhanced cellular uptake of FA-functionalized drug carriers [35].

Functionalization of UiO-66-NH2 MOFs with chitosan-folic acid (CS-FA) for the targeted delivery of doxorubicin (DOX) has
demonstrated a sustained release profile, particularly under acidic conditions mimicking the tumor microenvironment. At pH 5.2,
39.76 % of DOX was released, compared to only 5.84 % at physiological pH. In vitro studies have shown significant cytotoxic effects
against MCF-7 breast cancer cells, highlighting the potential of polymer-conjugated nanoparticles in enhancing tumor-targeting ef-
ficiency [36].
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Similarly, FA-MOF/Bufalin exhibited superior tumor suppression compared to free Bufalin, demonstrating that surface modifi-
cation of nanoparticles with targeting ligands can enhance drug accumulation at tumor sites and improve therapeutic efficacy [37].

The significance of this research lies in addressing the limitations of conventional drug delivery methods, which often suffer from
challenges such as poor bioavailability and non-specific distribution. The utilization of MOF-based nanocarriers offers a promising
solution by enabling precise drug delivery to cancer cells, thereby increasing drug concentrations at tumor sites while minimizing
systemic toxicity.

This study is the first to report the synthesis of CIS-encapsulated UiO-66-NH. decorated with FA, demonstrating substantial im-
provements in apoptosis induction and cell cycle arrest in MDA-MB-231 and A2780 cancer cell lines. These findings underscore the
potential of this nanocarrier as a targeted therapeutic platform, offering novel insights into cancer nanomedicine and precision drug
delivery strategies.

2. Materials and methods
2.1. Synthesis of Ui0-66-NHy-CIS-FA

A solution was prepared by dissolving 0.39 g of 2-amino terephthalic acid (Sigma-Aldrich, Germany) and 0.54 g of ZrCls in 31 mL of
DMF at 25 °C to synthesize UiO-66-NH2.The mixture was continuously stirred until a clear solution was obtained. The resulting so-
lution was then transferred to a Teflon-lined hydrothermal autoclave and heated at 120 °C for 24 h. After cooling to room temperature,
the obtained particles underwent three cycles of centrifugation followed by 15 min of ultrasonic treatment in DMF and chloroform to
replace residual DMF and remove unreacted materials. A five-day solvent exchange procedure was performed by immersing the sample
in 15 mL of fresh chloroform daily, with 15 min of sonication each day. The final product was pressure-dried at 120 °C to eliminate
residual solvents.

For CIS incorporation, CIS (Sobhan Darou Co., Iran) was first dissolved in dimethyl sulfoxide (DMSO) and dispersed in phosphate-
buffered saline (PBS) (Gibco, USA) at a concentration of 0.25 mg/mL. This solution was mixed with 10 mg of synthesized MOFs and
stirred for 24 h. The resulting slurry was washed three times with ethanol and distilled water, followed by centrifugation at 12,000 rpm
for 20 min [38]. The UiO-66-NH.-CIS particles were subsequently dispersed in an aqueous FA solution (20 mg/mL) in a glass tube with
a phenolic cap and ultrasonicated (50 kHz, 100 W/L) for 5 min. The tube was then wrapped in foil to prevent light exposure and
agitated for 24 h. The UiO-66-NH:-CIS-FA particles were isolated by centrifugation at 4000 rpm for 10 min and washed three times
with deionized water. The final product was reconstituted in deionized water and subjected to freeze-drying for 48 h [39].

2.2. Characterization of UiO-66-NH2-CIS-FA nanoparticles

The functional groups of CIS, UiO-66-NHj,, UiO-66-NH,-CIS, and UiO-66-NH,-CIS-FA were characterized using FT-IR with a
Spectrum Two spectrometer (PerkinElmer, USA). Spectra were recorded over a wavelength range of 400-4000 cm™'. The morpho-
logical characteristics of the MOFs were analyzed using SEM with a TESCAN VEGA 3SB instrument and TEM with a Philips CM30
instrument (Philips, Netherlands). For TEM analysis, a small quantity of UiO-66-NH2-CIS-FA was deposited onto a carbon-coated
copper grid and stained with 1 % phosphotungstic acid.

The hydrodynamic diameter and size distribution of UiO-66-NH-CIS-FA were determined using DLS with a Malvern Zetasizer Nano
instrument (Malvern Instruments, Worcestershire, UK). The crystallographic structure of UiO-66-NH,-CIS-FA was evaluated by XRD
using a Bruker AXS D8 Advance diffractometer with Cu Ka radiation, scanning within the 26 range of 10°-90°.

2.3. Entrapment efficiency (EE %)

The entrapment efficiency (EE) of CIS was determined by quantifying the concentration of unencapsulated drugs. Free CIS was
separated from the UiO-66-NH,-CIS-FA dispersion using Ultracel-30K Millipore filters with a molecular weight cutoff (MWCO) of
30,000 Da. A volume of 500 pL of the formulation was placed in the inner compartment of the filtration device and centrifuged at
4000xg for 20 min at 4 °C using a cooling centrifuge (Eppendorf® 580R, Germany). The concentration of unencapsulated CIS in the
filtrate was analyzed by UV-visible spectrophotometry at 510 nm using a JASCO V-530 spectrophotometer (JASCO, Japan). The EE
was calculated using the following equation (EQ1) [20].

_ Initial cisplatin added — Free cisplatin

Equation 1 : EE (%) = 100
quation (%) Initial cisplatin added x

2.4. Invitro release study and kinetic model

The release of CIS from UiO-66-NH,-CIS and UiO-66-NH,-CIS-FA was evaluated using the dialysis diffusion bag method with a
molecular weight cutoff (MWCO) of 12 kDa (Merck, Germany). A total of 2 mL of the MOF suspension was placed into a dialysis bag
and sealed. The sealed bag was then immersed in 50 mL of phosphate-buffered saline containing sodium dodecyl sulfate (PBS-SDS) at
pH 5.4 and 7.4, maintained at 37 °C, which served as the release medium and receiver medium, respectively. The system was placed on
a magnetic stirrer set at 300 rpm. Samples were withdrawn from the buffer compartment at predetermined intervals and replaced with
fresh PBS-SDS (Merck, Germany) to maintain sink conditions. The optical density (OD) of the collected samples was measured at 510
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nm using a UV-visible spectrophotometer, and the concentration of released CIS was determined using a standard calibration curve. A
cumulative release profile was plotted to illustrate the drug release behavior over time [40].

To analyze the release kinetics of CIS, various mathematical models were employed. These included the zero-order model (EQ2),
which describes the cumulative percentage of drug release over time; the first-order model (EQ3), which represents the cumulative
percentage of drug remaining over time; the Higuchi model (EQ4), which describes the cumulative percentage of drug release as a
function of the square root of time; and the Korsmeyer-Peppas model (EQ5), which establishes a relationship between the logarithm of
cumulative drug release and the logarithm of time [40].

Equation (2): Zero-order Model

Ci=Co + Kot

This equation describes the relationship between the amount of drug dissolved at time t (Cy), the initial drug concentration (Cop), and
the zero-order release constant (Kg).
Equation (3): First-order Model

Log C=LogC, — Kt/2.303 or C; = Co e™

This equation characterizes first-order drug release kinetics, where C; represents the amount of drug released at time t, Cy is the
initial drug concentration, K is the first-order release constant, and t represents time.
Equation (4): higuchi model

Q=Kyt'?

The Higuchi model describes the relationship between drug release and time, where Q represents the cumulative amount of drug
released at time t, and KH is the Higuchi dissolution constant.
Equation (5): Korsmeyer-Peppas Model

M, / M., = Kpt"

This model establishes a relationship between the fraction of drugs released (Mi/M,,) at a given time t, where M is the drug
released at time t, M, is the total drug released at equilibrium, Ky, is the release rate constant, and n is the release exponent, which
characterizes the drug release mechanism.

2.5. Physical stability assay

UiO-66-NH.-CIS-FA stability was assessed over 30 days at 25 + 2 °C and 4 + 2 °C. At specified intervals (14 and 30 days), dynamic
particle size, PDI, and EE% were measured and compared with fresh formulations to evaluate changes in physicochemical properties.

2.6. Cytotoxicity assay

Three cell lines, MDA-MB-231, A2780, and human foreskin fibroblast cells (HFF) cells, obtained from the National Center for
Genetic and Biological Resources of Iran, were cultured in RPMI 1640 and Dulbecco’s Modified Eagle Medium (DMEM) (Gibco, USA).
Each cell line was seeded at a density of 1 x 10* cells per well in 96-well tissue culture plates and incubated at 37 °C with 5 % COx, for
24 h. Various concentrations (12.5-200 pg/mL) of UiO-66-NHj, free CIS, UiO-66-NH,-CIS, and UiO-66-NH;-CIS-FA were added to the
wells in triplicate and incubated at 37 °C with 5 % COx, for 48 and 72 h. Following incubation, cells were treated with 100 pL of 3-(4,5-
Dimethylthiazol-2-yl)-2,5-Diphenyltetrazoliumbromid (MTT) (Sigma-Aldrich, Germany) and incubated at 37 °C with 5 % CO for 4 h.
After incubation, 100 pL of DMSO was added to each well following the removal of the medium. The absorbance of the formed for-
mazan product was measured using a microplate reader (Biotek, USA).

Cell viability for all treatments was calculated using the following equation (EQ6) [41]:

Equation 6 : Gell viability (%) — (Absorptlon treatment — Absorption blank ) 100

Absorption control — Absorption blank

2.7. Apoptotic and cell cycle-associated genes expression analysis

MDA-MB-231 and A2780 cells were treated with UiO-66-NH,, free CIS, UiO-66-NH,-CIS, and UiO-66-NH,-CIS-FA at ICso con-
centrations for 48 h. Total RNA was extracted using an RNA extraction kit (Cinnagen, Iran), and complementary DNA (cDNA) was
synthesized using the RevertAid™ cDNA synthesis kit (Cinnagen, Iran). The expression levels of B-cell leukemia/lymphoma 2 (BCL2),
BCL2 Associated X (BAX), Tumor protein P53 (P53), CyclinD1 (CCND1), and Cyclin-dependent kinase 4 (CDK4) were analyzed by
real-time polymerase chain reaction (PCR). The expression of f-actin was used as an internal control.

The real-time PCR program consisted of an initial denaturation at 95 °C for 10 min, followed by 35 cycles of 95 °C for 15 s, 57 °C for
15 s, and 72 °C for 20 s, with a final extension step at 72 °C for 1 min.

Amplification reactions were performed in a total volume of 20 pL using SYBR® Green Master Mix (Bio-Rad, USA), and the PCR
products were analyzed by electrophoresis on a 2 % agarose gel. Gene expression data were quantified using the Rotor-Gene Q real-
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time detection system (Qiagen, USA), and relative gene expression levels were calculated based on the AACt method, assuming
optimal PCR efficiency [42-44].

2.8. Flow cytometry for apoptosis/necrosis rate

Apoptotic cell detection was performed using the Annexin V-FITC/propidium iodide (PI) apoptosis kit (MabTag GmbH, Germany).
MDA-MB-231 and A2780 cells were seeded in a cell culture plate at a density of 5 x 10° cells per well and incubated overnight at 37 °C
with 5 % CO,, to allow for cell attachment. Cells were then treated individually with UiO-66-NHj, free CIS, UiO-66-NH,-CIS, and UiO-
66-NH,-CIS-FA at ICso concentrations for 48 h. Following treatment, cells were washed twice with cold, sterile PBS (pH 7.4), and 5 x
10° cells per well were resuspended in 1X binding buffer provided in the kit. According to the manufacturer’s instructions, appropriate
amounts of PI (red fluorescence) and Annexin V-FITC (green fluorescence) were added to the cell suspension, followed by incubation at
room temperature for 10 min in the dark. Finally, the stained cell suspensions were transferred to flow cytometry tubes and analyzed
using flow cytometry (FACSCalibur, BD Biosciences, Singapore) [45].

2.9. Cell cycle analysis

Cell proliferation was evaluated using PI staining, which allows for the determination of cell cycle stages based on DNA content, as
PI binds stoichiometrically to DNA. Cells were seeded in 6-well plates at a density of 1 x 10° cells per well in a complete medium and
incubated overnight. Following incubation and three washes with PBS, cells were treated with UiO-66-NHo, free CIS, UiO-66-NH,-CIS,
and UiO-66-NH-CIS-FA for 48 h. After treatment, cells were harvested and fixed in 70 % cold ethanol at 4 °C overnight. Subsequently,
cells were stained with 500 pL of PI solution containing RNase and incubated in the dark for 20 min at room temperature. Flow
cytometry analysis was performed to assess DNA content. All experiments were conducted in triplicate to ensure reproducibility [46].

2.10. Assay for intracellular reactive oxygen species (ROS) generation

ROS levels generated in response to each treatment were assessed using the DCFDA (2,7'-dichlorodihydrofluorescein diacetate)
ROS Assay Kit KROS96. A2780 and MDA-MB-231 cancer cell lines were treated with CIS and nanoformulations at their ICso con-
centrations for 48 h, followed by rinsing with PBS. Subsequently, cells were incubated with 100 pL of DCFDA reagent at 37 °C for 45
min in the dark. The fluorescence emission intensity was then measured using a microplate reader to quantify ROS levels [41].

2.11. Statistical analysis

The values are presented as the mean + SD based on a minimum of three replicates. Statistical analysis was performed using one-
way and two-way analysis of variance (ANOVA). Graphs were generated using GraphPad Prism 9 software (GraphPad Software, USA).
A p-value of less than 0.05 was considered statistically significant.

3. Results and discussion
3.1. Characterization of UiO-66-NH3-CIS-FA

3.1.1. Size and Dispersity

DLS analysis revealed that the particle sizes of Ui0-66-NH,, UiO-66-NH,-CIS, and UiO-66-NH,-CIS-FA were 169.4 + 6.10 nm,
194.7 + 5.85 nm, and 236.2 + 6.74 nm, respectively. The findings suggest that with an average size of around 200 nm, the formulated
nanoparticles are suitable for targeted CIS delivery (Table 1 and Fig. 1A). Table 1 also indicates the homogeneous dispersion of the
particles, as evidenced by the PDI values of 0.138 + 0.008 for UiO-66-NHj, 0.114 + 0.021 for UiO-66-NH»-CIS, and 0.208 + 0.021 for
UiO-66-NH,-CIS-FA), confirming a uniform size distribution.

SEM and TEM analyses were conducted to investigate the surface morphology and structural characteristics of UiO-66-NH5-CIS-FA,
as shown in Fig. 1B and C. The SEM image (Fig. 1B) demonstrates that the nanoparticles retain a uniform spherical morphology
without significant degradation or structural abnormalities. Similarly, the TEM image (Fig. 1C) confirms the presence of well-
dispersed, spherical structures.

Table 1 further shows that the EE% values for UiO-66-NH,-CIS and UiO-66-NH,-CIS-FA were 70.68 + 1.21 % and 71.52 4+ 1.15 %,
respectively. In a study by Ronaghi et al., UiO-66 loaded with letrozole exhibited an optimal size of 160 nm, a PDI of 0.188, and an EE%
of 62.21 % [47]. Additionally, another study reported that UiO-66-curcumin nanoparticles had a PDI of approximately 0.158 and an EE

Table 1

The main physicochemical parameters (size, PDI, and EE%), were measured immediately after the preparation of MOFs.
Formulations Size (nm) PDI EE (%)
UiO-66-NH, 169.4 + 6.10 0.138 + 0.008 -
Ui0-66-NH,-CIS 194.7 + 5.85 0.114 + 0.021 70.68 + 1.21
Ui0-66-NH,-CIS-FA 236.2 £ 6.74 0.208 + 0.021 71.52 £ 1.15
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Fig. 1. Following the encapsulation of CIS in the UiO-66-NH,-FA, the physicochemical characterization of UiO-66-NH,-CIS-FA was carried out by
measuring: (A) DLS techniques, (B) SEM, (C) TEM, (D) FT-IR spectrum and (E) XRD peaks of (a) UiO-66, (b) UiO-66-NH,, (c) UiO-66-NH,-CIS, (d)

UiO-66-NH,-CIS-FA and (e) CIS.

% of 65.37 % [20]. The observed differences in PDI and EE% compared to the current study may be attributed to the functionalization

of UiO-66-NH: with FA groups.

Due to their large pore diameter and high surface area, MOFs can encapsulate substantial amounts of therapeutic agents, making
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them highly suitable for drug delivery applications [48]. The substantial drug-loading capacity of MOFs allows for sustained release
over an extended period, which is crucial for effective treatment [49]. Nanoparticles within the size range of 100-200 nm are capable
of passive accumulation within tumors through the enhanced permeability and retention (EPR) effect, facilitating deeper penetration
into solid tumors while minimizing filtration by the liver and spleen [50].

3.1.2. FT-IR and XRD analysis

FT-IR is primarily employed for qualitative assessment, facilitating the identification of functional groups and the elucidation of
organic, inorganic, or hybrid structures [51]. FT-IR spectroscopy was used to characterize the structural properties and chemical
interactions within the samples [51,52]. The FT-IR spectrum of UiO-66-NH, exhibited characteristic peaks at 501 and 566 cm™! (Zr—
(OC) symmetric stretching), 1388 c¢m! (C-N vibrational stretching of aromatic amines), 1505 cm! (in- and out-of-phase stretching
modes of the carboxylate group), 3370 cm! (symmetric NHy), and 3449 cm! (asymmetric NH3). In UiO-66-NH,, NH; Absorption
peaks corresponding to NHz were observed at 3370 and 3449 cm! (Fig. 1D (a and b)).

The FT-IR spectrum of CIS displayed characteristic peaks at 3285 cm! (amine stretching), 1306 cm! (symmetric amine bending),
and 794 cm™! (chloride stretching) (Fig. 1D (e)). Upon encapsulation of CIS within UiO-66-NHj, the symmetric amine bending band of
CIS appeared at 1306 cm™!, indicating successful drug loading (Fig. 1D (c)). Additionally, the attachment of FA to UiO-66-NHz-CIS
resulted in the appearance of a C-N stretching band at 1200 cm, confirming successful FA conjugation (Fig. 1D (d)). The FT-IR spectra
of UiO-66-NH, were consistent with previously reported data, demonstrating the structural changes occurring during the synthesis and
drug encapsulation processes [52,53].

X-ray diffraction (XRD) is a direct method for determining the crystalline structure and phase composition of materials, as it in-
volves the scattering of X-rays by atoms within a crystal lattice, producing characteristic diffraction patterns [53]. In this study, XRD
analysis was conducted to examine the crystalline structure of UiO-66-NH,-CIS-FA (Fig. 1E).

The XRD pattern of UiO-66 displayed characteristic peaks at 7.56°, 8.68°, 12.15°, 14.90°, 17.30°, 19.17°, 22.63°, 25.95°, 27.58°,
30.17°, 31.08°, 33.46°, 35.87°, 37.71°, 39.72°, 40.91°, 43.77°, 44.77°, 50.57°, 51.94°, and 57.01°, with prominent peaks at 7.56°,
8.68°, and 25.95° considered as index peaks (Fig. 1E (a)). The XRD pattern of UiO-66-NH: exhibited peaks at 7.10°, 8.47°, 12.02°,
14.55°,17.09°, 18.78°, 20.25°, 22.17°, 25.58°, 29.01°, 29.80°, 30.71°, 33.12°, 35.67°, 37.51°, 39.55°, 40.83°, 43.40°, 44.51°, 50.38°,
51.85°, and 56.73°, with characteristic peaks at 8.47°,7.10°, and 25.58°, and an additional peak at 20.25° associated with NH; groups
(Fig. 1E (b)).

The XRD pattern of CIS revealed peaks at 27.32°, 31.63°, 45.58°, 55.49°, 66.38°, and 75.51° (Fig. 1E (e)). Upon CIS loading, the
diffraction peaks of UiO-66-NH: exhibited slight shifts to lower angles, suggesting increased lattice spacing and successful drug
incorporation. A distinct peak corresponding to CIS was observed at 31.66°, marked with an asterisk (*) (Fig. 1E (c)).

The presence of FA within the UiO-66-NH--CIS structure was confirmed by the appearance of a peak at 16.30°, marked with a circle
(@), further validating FA conjugation (Fig. 1E (d)).
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3.2. Drug release and kinetic study

Measuring drug release at different pH levels is crucial, as the extracellular pH is approximately 7.4, whereas the pH within
cancerous tissues is around 5.5. This pH gradient provides a potential mechanism for targeted drug delivery. The present study aimed
to evaluate the effect of UiO-66-NH, and UiO-66-NH,-FA on CIS release rates and to develop an efficient drug release mechanism
through kinetic modeling.

The in vitro drug release profiles of UiO-66-NH.-CIS-FA exhibited a biphasic pattern. During the initial 8 h, a rapid release of 30 %
and 45 % was observed at pH 5.4 and 20 % and 30 % at pH 7.4 for UiO-66-NH; and its FA-coated form, respectively (Fig. 2A-B). At pH
5.4, Ui0-66-NH2 and UiO-66-NH.-CIS-FA exhibited cumulative release rates of 70 % and 80 %, respectively, whereas at pH 7.4, the
release rates were 50 % and 65 %, respectively.

Fig. 2A-B demonstrate that the release rate of UiO-66-NH,-CIS-FA increases at lower pH levels (5.4). If this behavior is maintained
in biological conditions, UiO-66-NH.-FA is expected to retain the drug under extracellular conditions, minimizing off-target drug
dispersion while facilitating targeted release at the tumor site.

Ui0-66, a MOF composed of zirconium-based octahedral clusters coordinated with benzene-1,4-dicarboxylic acid (BDC), un-
dergoes protonation of its carboxylate groups in an acidic environment, leading to structural degradation and enhanced drug release.
In addition to pH, various factors, such as ionic intermolecular and intramolecular interactions, hydrogen bonding, and n-n in-
teractions, influence the release of bioactive substances from drug delivery systems [26,54].

Nasrabadi et al. reported a higher ciprofloxacin release of 87 % from UiO-66 at pH 5 compared to 80 % at pH 7.4 after 3 days [26].
Similarly, Chowdhuri et al. found that the release of doxorubicin from UCNP@UiO-66-NH2/FA increased from 30 % to 40 %-65 % and
72 % at pH 5.5 after 12 and 24 h, respectively [55].

The extensive surface area of UiO-66-NH2-FA allows for a significant initial release of CIS, which is primarily attributed to the
electrostatic interactions between the drug molecules and the MOF surface. The drug release process occurs in two distinct stages: an
initial burst release from the outer surface and accessible pores, followed by a sustained release phase involving the diffusion of CIS
molecules from the inner pores and cages of the UiO-66-NHz structure [30].

The release kinetics of free CIS and UiO-66-NH2-CIS-FA formulations were analyzed at different pH levels using multiple kinetic
models (Table 2). The best-fitting model for each formulation was selected based on the highest correlation coefficient (), which
indicates the quality of fit. The data in Table 2 show that the release of free CIS follows a first-order kinetic model, while UiO-66-NH2-
FA formulations exhibit a better fit with the Korsmeyer-Peppas model at both pH 7.4 and 5.4. The n values obtained from the
Korsmeyer-Peppas model suggest that CIS release from the MOFs follows a non-Fickian diffusion mechanism at pH 5.4 (n = 0.55, 1% =
0.9408) and pH 7.4 (n = 0.57, ¥ = 0.9472).

3.3. Stability

The physical stability of UiO-66-NH.-CIS-FA formulations was evaluated over 30 days at two different storage temperatures:
ambient temperature (25 °C) and refrigeration (4 °C). Changes in particle size, PDI, and EE% were systematically monitored
throughout the study (Fig. 2C, D, and 2E). The formulations stored at 4 °C exhibited minimal changes in particle size and EE%, as
illustrated in Fig. 2C, D, and 2E.

However, significant alterations were observed in samples stored at 25 °C. A notable increase in PDI was detected after 30 days (P
< 0.01), indicating reduced uniformity in particle dispersion. Additionally, a significant increase in particle size (P < 0.001) and a
decrease in EE% (P < 0.001) were recorded compared to samples stored at 4 °C. The observed increase in size and PDI over time may be
attributed to particle aggregation, which was more pronounced at 25 °C than at 4 °C.

The decline in EE% during storage suggests gradual drug leakage from the functionalized MOF formulations, which occurred at
both temperature conditions but was more prominent at 25 °C. Temperature-induced variations in structural rigidity may also
contribute to drug release over time.

Ui0-66 was selected as an adsorbent due to its high chemical resistance to polar solvents, including water, various alcohols, and
organic solvents, as well as its remarkable thermal stability [56].

3.4. Cytotoxicity

The results of the MTT assay provide a comprehensive understanding of the cellular responses to toxicity. In this study, the

Table 2
The kinetic release models and the parameters obtained for UiO-66-NH,-CIS-FA.
Kinetic Model Zero-Order First-Order Higuchi Korsmeyer-Peppas
Ci=Co+Kot C; = Co e X or Log C = LogCo—K1/2.303 Q=Kyt'/? M¢/Me,=Kipt"
r? r? r? r? n*
CIS (aq) pH7.4 0.5698 0.9560 0.7414 0.8195 0.5800
Ui0-66-NH,-CIS-FA pH7.4 0.8247 0.9004 0.9444 0.9472 0.5765
pH 5.4 0.7877 0.9012 0.9197 0.9408 0.5553
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anticancer activity of UiO-66-NH2-CIS-FA was compared with UiO-66-NH: and free CIS. UiO-66-NH-CIS-FA exhibited significantly
higher anticancer efficacy against MDA-MB-231 and A2780 cells. The extent of cytotoxicity induced by UiO-66-NH-CIS-FA was dose-
and time-dependent, as shown in Fig. 3.

At a concentration of 200 pg/mL, the recorded inhibition rates after 48 h were 51.70 % and 61 % for UiO-66-NH-CIS-FA, 50.34 %
and 61 % for UiO-66-NH2-CIS, 42.70 % and 47 % for CIS, and 12 % and 14 % for UiO-66-NH: in MDA-MB-231 and A2780 cells,
respectively (Fig. 3A-B). After 72 h of treatment at the highest concentration, growth inhibition rates increased to 58 % and 68.34 %
for UiO-66-NH»-CIS-FA, 51.70 % and 59 % for UiO-66-NH>-CIS, 47 % and 50 % for CIS, and 8.70 % and 14.70 % for UiO-66-NHz, in
MDA-MB-231 and A2780 cells, respectively (Fig. 3C-D).

UiO-66-NH.-CIS-FA exhibited significantly higher cytotoxicity compared to free CIS after 48 and 72 h of treatment in both cell lines
(P < 0.0001 and P < 0.001, respectively). While the differences between UiO-66-NH-CIS-FA and UiO-66-NH>-CIS in MDA-MB-231 and
A2780 cells were minimal, UiO-66-NH2-CIS-FA induced a more significant reduction in viability in A2780 cells at 200 pg/mL after 72 h
(P < 0.001).

The results indicate that all treatments exhibited greater cytotoxic effects against A2780 cells compared to MDA-MB-231 cells. The
enhanced cytotoxicity of CIS-loaded UiO-66-NH2 and UiO-66-NHz-FA compared to free CIS suggests improved cellular uptake and
intracellular accumulation, leading to cellular stress and apoptosis [57]. The cytotoxic effects of functionalized MOFs may be
attributed to the upregulation of pro-apoptotic BAX, a member of the BCL2 family, which promotes mitochondrial outer membrane
permeabilization and the release of soluble pro-apoptotic proteins into the cytoplasm, ultimately activating the intrinsic apoptotic
pathway [58]. The lower sensitivity of MDA-MB-231 cells to treatment may be associated with the lack of HER, amplification, estrogen
receptor (ER), and progesterone receptor (PR) expression, as well as alterations in multidrug resistance (MDR) gene expression [59].

The MTT assay results for HFF cells indicated that UiO-66-NH2-CIS-FA exhibited lower cytotoxicity toward normal cells compared
to UiO-66-NH.-CIS and free CIS at both tested time points (Fig. 3E-F). The incorporation of CIS into the UiO-66-NH2-FA framework
effectively reduced its harmful effects on healthy cells. The highest tested concentration of UiO-66-NH.-CIS-FA (200 pg/mL) resulted in
80.66 % and 76.66 % cell viability in HFF cells after 48 and 72 h of treatment, respectively. These findings demonstrate that cancer
cells exhibited significantly higher sensitivity to UiO-66-NH2-CIS-FA compared to normal HFF cells.

The ICso values of UiO-66-NH2-CIS-FA were determined to be 144.8 + 5.6 pg/mL for MDA-MB-231 cells and 75.43 + 2.8 pg/mL for
A2780 cells after 48 h of exposure. Following 72 h of treatment, the ICso values decreased to 116.33 + 2.84 pg/mL and 37.52 + 2.8 pg/
mL for MDA-MB-231 and A2780 cells, respectively.

In contrast, the ICso values of free CIS for MDA-MB-231 and A2780 cells were 166.07 + 2.38 pg/mL and 163.33 + 2.6 pg/mL,
respectively, after 48 h of exposure. After 72 h, the ICso values of CIS were estimated at 131.38 + 1.5 pg/mL for MDA-MB-231 cells and
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Fig. 3. (A, B) MDA-MB-231 and A2780 cells viability upon exposure to different concentrations of CIS, UiO-66-NH,, UiO-66-NH,-CIS, and UiO-66-
NH,-CIS-FA after 48 h of treatment. (C, D) MDA-MB-231 and A2780 cells viability upon exposure to different concentrations of CIS, UiO-66-NHo,
Ui0-66-NH2-CIS, and UiO-66-NH,-CIS-FA after 72 h of treatment. (E, F) HFF cells viability upon exposure to different concentrations of CIS, UiO-66-
NH,, UiO-66-NH,-CIS, and UiO-66-NH,-CIS-FA in 48 and 72 h. Data represent means + standard deviations (SD)(n = 3). Statistical comparisons
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129.84 + 2.74 pg/mL for A2780 cells.

A notable reduction in the ICso values of UiO-66-NH:-CIS-FA compared to free CIS was observed in both cancer cell lines following
48- and 72-h treatments, indicating the enhanced anticancer efficacy of the nanocarrier system.

Cancer targeting represents an innovative, promising, and efficient strategy in cancer biotherapy. UiO-66-NHj has demonstrated
significant potential as a drug delivery carrier due to its unique structural properties and functionalization capabilities. The amine-
functionalized UiO-66-NH: has been widely investigated for its role in enhancing the delivery and therapeutic efficacy of various
anticancer agents, yielding promising outcomes in multiple cancer models [60].

Hashemzadeh et al. utilized magnetic UiO-66-NH> (MU) loaded with oxaliplatin (OX) to improve its therapeutic efficacy. The
results demonstrated a significant enhancement in anticancer activity compared to free OX, as evaluated in both two-dimensional and
three-dimensional colorectal cancer models. Parameters such as cell viability, proliferation, migration, and morphology were assessed,
indicating the superior performance of the developed drug delivery system. Moreover, the oxidative and antioxidant activities of UiO-
66-NH= and MU-loaded OX exhibited enhanced oxidative effects relative to OX alone [29].

UiO-66-NH2 MOFs have also shown considerable potential in anticancer applications as carriers for doxorubicin. Studies have
demonstrated that doxorubicin-loaded UiO-66-NH= MOFs exhibit high biocompatibility, maintaining cell viability above 90 % in
normal fibroblast L929 cells [30]. Gholamie et al. investigated a novel drug delivery system, 5-FU@CuS/NH>-UiO-66, which in-
corporates copper sulfide nanoparticles to enhance the antiproliferative effects of 5-fluorouracil (5-FU) against colorectal cancer cells.
The integration of CuS nanoparticles into the UiO-66-NH- structure resulted in improved therapeutic outcomes [61].

In another study, OXA-CuS@UiO-66-NH; was employed for colorectal cancer treatment. The ICso value for OXA-CuS@UiO-66-NH2
was determined to be 7.97 ppm, significantly lower than that of free oxaliplatin, indicating enhanced cytotoxicity and therapeutic
efficacy [62].

Furthermore, the UiO-66-NH: nanoparticle loaded with temozolomide (TMZ) exhibited enhanced antitumor efficacy against
malignant glioma. The study demonstrated that TMZ@UiO-66-NH> nanocomposites, particularly when combined with ultrasound,
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significantly inhibited tumor growth compared to TMZ alone [63].

The study conducted by Lazaro evaluated the anticancer efficacy of dichloroacetate-loaded UiO-66 nanoparticles coated with
various functional materials, including FA, polyethylene glycol (PEG), poly-l-lactide, and poly-N-isopropylacrylamide, in MCF-7 breast
cancer cells and HEK293 healthy kidney cells. The in vitro results demonstrated that FA-modified UiO-66 preferentially eliminated
cancer cells while sparing healthy cells and avoiding immune system activation. These findings highlight the targeted nature of FA-
functionalized MOFs and their potential in developing efficient anticancer drug delivery systems [64]. The enhanced targeting effi-
ciency of FA-modified MOFs is attributed to the strong affinity of FA for folate receptors overexpressed on the surface of cancer cells,
facilitating efficient cellular uptake and accelerated cell death [65].

In a study by Hashemzadeh et al., the efficacy of a UiO-66-NHz-based oxaliplatin delivery system was evaluated using the MTT
assay on CT-26 colorectal cancer cells. The ICso values were determined to be 21.38, 95.50, and 18.20 pg/mL for oxaliplatin, UiO-66-
NH:-oxaliplatin, and UiO-66-NHz-oxaliplatin@FA, respectively, indicating a significant enhancement in cytotoxicity upon FA func-
tionalization [66].

Trucshina et al. compared the cytotoxic effects of doxorubicin-loaded UiO-66@SiO2 and UiO-66@SiO@pluronic F127-FA nano-
particles in MCF-7 cells. Their findings revealed that the SiO shell and pluronic F127-FA-modified nanoparticles exhibited superior
toxicity at all tested doxorubicin concentrations after 24 and 72 h of treatment. This increased toxicity was attributed to the enhanced
cellular uptake facilitated by folate receptor-mediated endocytosis [23]. In another study, Soman et al. demonstrated that the ICso
value of UiO-doxorubicin@chitosan-FA (0.085 pg/mL) was lower compared to free doxorubicin (0.28 pg/mL) and UiO-doxorubicin
(0.13 pg/mL), further supporting the role of FA functionalization in enhancing drug delivery efficacy via receptor-mediated uptake
[36].

These findings align with the current study, further validating that FA-functionalized MOFs enhance the cytotoxic effects of loaded
drugs by improving targeted delivery and cellular uptake mechanisms.

3.5. Real-time PCR findings

The expression levels of BAX, BCL2, CCND1, P53, and CDK4 genes were evaluated in MDA-MB-231 and A2780 cancer cells treated
with different formulations using RT-qPCR. Fig. 4A presents the results for MDA-MB-231 cells, while Fig. 4B displays the findings for
A2780 cells.

A comparison of gene expression levels between treated cancer cells and the control group revealed a significant upregulation of the
pro-apoptotic genes BAX and P53 (P < 0.001) (Fig. 4A-B), along with a notable downregulation of the anti-apoptotic BCL2 and the cell
cycle-related genes CCND1 and CDK4 after 48 h of exposure to CIS, UiO-66-NH2-CIS, and UiO-66-NH-CIS-FA formulations (P < 0.001).

Furthermore, treatment with UiO-66-NH2-CIS-FA resulted in significantly higher expression levels of BAX and P53 in both cell lines
compared to CIS or UiO-66-NH-CIS alone (P < 0.001). However, no significant differences were observed in the expression levels of
BCL2, CCND1, and CDK4 among cells treated with CIS, UiO-66-NH-CIS, and UiO-66-NH-CIS-FA.

These findings support the observed cytotoxic effects of the formulations, which were confirmed by the modulation of apoptotic
and cell cycle-related gene expression. The results are consistent with the MTT assay outcomes, further validating the enhanced
anticancer efficacy of the functionalized MOFs.

The apoptotic process is highly complex and challenging to quantify due to interactions among numerous biological pathways.
Several genes, including BCL2 and BAX, play critical roles in apoptosis, with a particular focus on the BCL2 family. Studies have
demonstrated that the BCL2 family members can both inhibit and promote apoptosis, influencing the balance between programmed
cell death and cell proliferation [67]. BAX, in association with BCL2, functions as a pro-apoptotic factor by promoting programmed cell
death when overexpressed in response to apoptotic signals. Conversely, BCL2 suppresses apoptosis by forming heterodimers with BAX,
thereby inhibiting cell death [68].

P53 plays an essential role in cell cycle regulation, apoptosis, and genomic stability maintenance. The protein product of P53 acts as
a tumor suppressor by initiating transcription, binding to DNA, and forming oligomers. It regulates the expression of target genes in
response to cellular stress, leading to outcomes such as cell cycle arrest, apoptosis, senescence, DNA repair, and metabolic adaptations
[69]. Due to its pivotal role in preventing genetic mutations and maintaining genomic integrity, P53 is often referred to as “the
guardian of the genome.” However, excessive P53 expression may accelerate aging by inducing excessive apoptosis while simulta-
neously suppressing tumor growth [70].

The findings suggest that the synthesized formulations induce apoptosis in cancer cells by upregulating BAX and P53 expression
while downregulating the anti-apoptotic BCL2 gene. This modulation of gene expression represents a potential molecular mechanism
underlying the cytotoxic effects of the prepared formulations.

Cyclins are regulatory proteins that control cell cycle progression by activating cyclin-dependent kinases (CDKs). CDK4/6 is critical
in the G1-to-S phase transition of the cell cycle. Growth factors often activate the mitogen-activated protein kinase (MAPK) pathway
during the G1 phase, leading to the transcription of cyclin D genes, which subsequently bind to and activate CDK4 and CDK6 [71]. The
internalization of the prepared nanocarriers into cancer cells can induce DNA damage, resulting in irreversible cell cycle arrest at
various stages. This process is closely linked to the activation of apoptotic pathways [72].

Consistent with the findings of this study, UiO-66 loaded with gingerol (Gin) has been shown to upregulate the expression of pro-
apoptotic genes, including BAX, CASP3, and CASP9, while downregulating the expression of BCL2 in AGS gastric cancer cells
compared to Gin alone [73]. Similarly, Bazzazan et al. demonstrated that the incorporation of curcumin into UiO-66 significantly
enhanced its anticancer efficacy. Specifically, UiO-66-curcumin effectively induced CASP3 and CASP9 expression while suppressing
the production of MMP-2, MMP-9, and cyclin E/D in cancer cell lines, as confirmed by RT-qPCR analysis [20].
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3.6. Apoptotic study

Flow cytometry analysis was conducted to evaluate cytotoxicity, apoptosis, and necrosis in MDA-MB-231 and A2780 cancer cells
treated with different formulations, including UiO-66-NHa, CIS, UiO-66-NH-CIS, and UiO-66-NH2-CIS-FA (Fig. 5). The cells were
exposed to these formulations at their respective ICso concentrations for 48 h.

The results indicated that UiO-66-NH- alone did not significantly impact apoptosis or necrosis rates in cancer cells compared to the
control group. As shown in Fig. 5A-B, the apoptosis rate in MDA-MB-231 and A2780 cells treated with CIS was approximately 1.85 %
(0.12 % early apoptosis and 1.73 % late apoptosis) and 2.49 % (2.61 % early apoptosis and 2.36 % late apoptosis), respectively.

In contrast, treatment with UiO-66-NH.-CIS resulted in a marked increase in apoptosis, with rates of 38.45 % (13.95 % early
apoptosis and 21.35 % late apoptosis) for MDA-MB-231 cells and 42.01 % (34.05 % early apoptosis and 7.96 % late apoptosis) for
A2780 cells. The highest apoptotic rates were observed in cells treated with UiO-66-NH2-CIS-FA, reaching 44.75 % (27.05 % early
apoptosis and 17.7 % late apoptosis) in MDA-MB-231 cells and 54.48 % (44.70 % early apoptosis and 9.78 % late apoptosis) in A2780
cells.

Apoptosis rates in cells treated with UiO-66-NH>-CIS and UiO-66-NH-CIS-FA were significantly higher than those observed in cells
treated with CIS or the control group (P < 0.001). Among the tested formulations, UiO-66-NH2-CIS-FA demonstrated the most pro-
nounced apoptotic effect.

Although CIS induced substantial necrosis in both MDA-MB-231 and A2780 cells, its incorporation into UiO-66-NH: and UiO-66-
NH:-FA formulations significantly reduced the necrotic effect while enhancing apoptosis (P < 0.001) (Fig. 5C for MDA-MB-231 and
Fig. 5D for A2780 cells).

Flow cytometry is a rapid and precise method for assessing apoptosis and quantifying apoptotic rates. This technique provides a
practical and efficient approach for evaluating the effectiveness of pharmaceuticals and nanodrugs, serving as a reliable tool for the
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Fig. 5. (A, B) Flow cytometry analysis diagrams of (A) MDA-MB-231, and (B) A2780 cells treated with UiO-66-NH,, CIS, UiO-66-NH,-CIS, UiO-66-
NH2-CIS-FA. Q1 shows the percentage of necrotic cells, Q2 exhibits the percentage of late apoptotic cells, Q3 exhibits the percentage of early
apoptotic cells, and Q4 shows the percentage of live cells. (C, D) The apoptosis rates (%) following treatment by UiO-66-NHj, CIS, UiO-66-NH,-CIS,
Ui0-66-NH,-CIS-FA on (C) MDA-MB-231, and (D) A2780 cells. The ICso was used for each sample; Data represent means + SD (n = 2). Statistical
comparisons were performed relative to the control group. For all charts, **: P < 0.01, *** P < 0.001, and ****: P < 0.0001, ns: non-significant.
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identification of apoptotic cells [49]. Accordingly, the apoptosis rate in the current study was assessed using flow cytometry [74]. The
flow cytometry results demonstrated that UiO-66-NH.-CIS-FA exhibited more significant cytotoxic activity against A2780 cells
compared to MDA-MB-231 cells. The primary mechanism through which CIS exerts its cytotoxic effects involves the formation of
adducts with gDNA. More specifically, initial interactions at the plasma membrane (PM), including the binding of platinum to
membrane components, contribute to cellular uptake and cytotoxicity. Structural and flexibility changes in the cell membrane induced
by CIS have been shown to activate signaling pathways that lead to programmed cell death [75]. In line with these findings, Ashrafi
et al. reported that the apoptosis rate in AGS cells treated with UiO-66-Gin was significantly higher than in cells treated with Gin alone,
as confirmed by flow cytometry analysis [73]. Furthermore, the internalization of quercetin@Fes0+-COOH@UiO-66-NH: by breast
cancer cells was shown to induce apoptosis, highlighting the potential of functionalized UiO-66-NH- for targeted cancer therapy [27].

Ronaghi et al. demonstrated that letrozole-loaded UiO-66 nanoparticles significantly enhanced the cytotoxic effects of letrozole
compared to its free form, effectively promoting apoptosis and inhibiting cancer cell migration [47]. Similarly, Bazzazan et al. reported
that their flow cytometry analysis revealed a significant increase in apoptosis in breast cancer cells treated with UiO-66-curcumin at
ICso concentrations. Notably, UiO-66-curcumin demonstrated a substantial capacity to induce apoptosis in both MDA-MB-231 and
SKBR3 cells compared to curcumin alone [20].

CIS is a platinum-based chemotherapy drug that interacts with DNA, causing damage that ultimately leads to cell death. It forms
inter- and intra-strand adducts, primarily between guanine and adenine nucleobases within DNA strands. Initially, CIS binds to the N7
position of guanine, followed by a second bond formation with either guanine or adenine on the same or opposite DNA strand. The
accessibility of N7 atoms enables the formation of multiple adducts and cross-links, leading to DNA structural distortion [76,77].

As a result of CIS binding, DNA undergoes bending, which is recognized by high-mobility group (HMG) proteins. These proteins
shield the distorted DNA from repair mechanisms such as nucleotide excision repair (NER) and mismatch repair (MMR), thereby
preventing damage reversal. This process triggers the activation of P53, a crucial tumor suppressor protein responsible for maintaining
genomic integrity. The activation of P53 leads to the upregulation of downstream effector proteins, such as wafl, P21, and MDM2,
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For all charts, *: P < 0.05, **: P < 0.01, ***: P < 0.001, and ****: P < 0.0001.
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which induce cell cycle arrest [78,79].

In addition to DNA damage, CIS induces oxidative stress by generating ROS, which damages cellular components, including DNA,
proteins, and lipids. When the damage surpasses the cell’s repair capacity, the intrinsic apoptotic pathway is activated. This involves
the inhibition of BCL2, which compromises mitochondrial membrane integrity. CIS also depletes mitochondrial glutathione levels,
exacerbating oxidative stress and further destabilizing the mitochondrial membrane [80-82].

As a consequence of mitochondrial dysfunction, cytochrome C is released into the cytoplasm, where it interacts with apoptotic
protease-activating factor-1 (Apaf-1), leading to the activation of procaspase-9. This cascade further activates executioner caspases,
including caspase-3 and caspase-7, which cleave and activate poly (ADP-ribose) polymerase (PARP), ultimately resulting in apoptosis
through DNA fragmentation and degradation of key cellular proteins [83-85].

CIS preferentially targets mitochondrial DNA (mtDNA) due to its high guanine content, forming adducts more frequently in mtDNA
than in nuclear DNA. This specificity suggests that mitochondrial functions, crucial for energy production and other cellular processes,
are severely disrupted by CIS treatment, contributing to its cytotoxic effects [86].

In cancer cells such as MDA-MB-231 and A2780, folate receptor expression on the cell membrane is significantly elevated compared
to normal cells. This overexpression facilitates the precise targeting of FA-modified nanoparticles to tumor sites through receptor-
mediated endocytosis [87]. Upon internalization, CIS encapsulated within UiO-66-NH:-FA is released intracellularly in response to
the acidic tumor microenvironment, which triggers the acid-responsive MOF structure. The FA moiety serves as a tumour-specific
targeting ligand, enabling selective drug delivery and minimizing off-target effects.

The developed FA-functionalized nanoformulation combines both targeting specificity and stimuli-responsive release, leading to
selective cytotoxic effects in MDA-MB-231 and A2780 cells while sparing normal cells. In conclusion, the UiO-66-NH.-FA nanocarrier
demonstrated superior targeting and cytotoxicity compared to free CIS, highlighting its potential as an effective cancer treatment
strategy.

3.7. Cell cycle study

The impact of CIS, UiO-66-NH, UiO-66-NH.-CIS, and UiO-66-NH2-CIS-FA on cell cycle progression in MDA-MB-231 and A2780
cancer cells was evaluated using flow cytometry (Fig. 6A-B). As shown in Fig. 6C-D, treatment with CIS, UiO-66-NH2-CIS, and UiO-66-
NH.-CIS-FA significantly inhibited cell growth by inducing cell cycle arrest in the sub-G1 phase in both cell lines compared to the
control group (P < 0.001).

In MDA-MB-231 cells, the sub-G1 phase population following treatment with CIS, UiO-66-NH-CIS, and UiO-66-NH.-CIS-FA was
approximately 30.18 %, 34.91 %, and 50.29 %, respectively. Similarly, in A2780 cells, the sub-G1 phase population was approximately
35 %, 42.31 %, and 55.59 %, respectively.

Treatment with UiO-66-NH.-CIS-FA led to a reduction in the proportion of cells in the S phase (15.82 % in MDA-MB-231 and 14.31
% in A2780 cells) and G2 phase (7.57 % in MDA-MB-231 and 4.16 % in A2780 cells). These results align with the apoptosis assay
findings, which demonstrated a higher apoptosis rate and cell cycle arrest in the sub-G1 phase, particularly in A2780 cells treated with
UiO-66-NH-CIS-FA. Additionally, RT-qPCR results confirmed that cell cycle arrest in the sub-G1 phase correlated with the down-
regulation of CCND1 and CDK4 gene expression.

The sub-G1 phase represents the proportion of cancer cells undergoing apoptosis [88]. The findings of this study suggest that MOF
nanocomposites have the potential to serve as effective drug delivery systems, owing to their high drug-loading capacity and controlled
release properties [11]. The primary objective of novel nanomaterials in cancer treatment is to enhance therapeutic efficacy through
targeted drug delivery, which can be more effective than conventional methods.

Nanomaterials present a promising strategy to overcome the limitations of traditional cancer therapies and diagnostics by enabling
targeted treatment of circulating cancer cells in the bloodstream [89]. Previous studies on cell cycle analysis have shown that
treatment with CIS can induce cell cycle arrest in the sub-G1 phase across various cancer cell lines [40,90-93]. This accumulation in
the sub-G1 phase is primarily attributed to defects in DNA repair mechanisms, which prevent damaged cells from progressing through
the cell cycle [94].

Furthermore, a study investigating the effects of curcumin and UiO-66-curcumin at ICso concentrations on breast cancer cells
demonstrated a significant increase in the sub-G1 cell population. This increase was more pronounced compared to the control and
UiO-66-treated groups, indicating enhanced apoptotic effects [20].

Additionally, it has been reported that other MOFs, such as MOF-74 (Co) [95] and ultra-small Ti-tetrakis (4-carboxyphenyl)
porphyrin MOF, are capable of inducing cell cycle arrest in the sub-G1 phase in various cancer cell lines, further supporting the po-
tential of MOFs as effective platforms for cancer treatment [95].

3.8. ROS generation in treated cells

Oxidative stress is a critical factor contributing to tumor cell death. While a moderate increase in ROS facilitates cellular prolif-
eration, excessive ROS levels trigger apoptosis [96]. In this study, ROS production was quantified using DCFDA, which is oxidized
inside cells to form the fluorescent compound DCF. ROS generation in MDA-MB-231 and A2780 cells was measured following
treatment with ICso concentrations of UiO-66-NHa, CIS, UiO-66-NH2-CIS, and UiO-66-NH2-CIS-FA (Fig. 7A-B).

No significant changes in ROS production were observed in cells treated with UiO-66-NH2 compared to the control group. However,
significant increases in DCF fluorescence were detected in cells treated with CIS, UiO-66-NH-CIS, and UiO-66-NH2-CIS-FA compared
to the control group (P < 0.001). The intracellular ROS levels in MDA-MB-231 and A2780 cells treated with UiO-66-NH-CIS-FA at ICso
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concentrations were 2977.5 % and 3500.5 %, respectively, demonstrating the highest ROS generation among all groups.

Previous studies have suggested that MOFs possess potential as novel disinfectants due to their ability to generate ROS through
photocatalytic activity. This ROS-generating capacity positions MOFs as promising carriers for chemotherapeutic agents [97-99].

It is well established that excessive ROS levels result in cellular damage by causing oxidative stress to DNA, proteins, and lipids
[100]. High ROS concentrations can alter protein function by modulating redox-sensitive proteins, influencing gene expression,
modifying redox-sensitive enzymes, and regulating protein turnover. Cancer cells typically exhibit higher basal levels of ROS than
normal cells due to factors such as hypoxia, genetic mutations in nuclear and mitochondrial DNA, oncogene activation, and loss of
tumor suppressor genes [101]. While cancer cells rely on low to moderate ROS levels for key processes such as cell growth, differ-
entiation, and survival, excessive ROS levels can lead to apoptotic cell death. Emerging evidence suggests that ROS play a crucial role
as signaling molecules in tumor cell invasion, angiogenesis, and metastasis [102].

Consistent with these findings, Hashemzadeh et al. demonstrated that UiO-66-Oxaliplatin-FA induced more outstanding ROS
production and disrupted the antioxidant defence system more effectively than UiO-66-Oxaliplatin or the free drug alone [66].

3.9. Limitations of the study

A comprehensive understanding of the specific anticancer effects of UiO-66-NH-CIS-FA requires further investigation through in
vivo and clinical studies. The most effective approach to evaluating drug delivery systems involves a combination of in vitro, in vivo, and
clinical trials. Initial screening in cell culture serves as a critical preliminary step, enabling the selection of the most promising
formulation for subsequent testing in animal models. Following successful preclinical evaluation, the optimized formulation can be
advanced to clinical trials for further validation of its therapeutic efficacy and safety in humans.

4. Conclusion

UiO-66-NH: nanocomposites demonstrate significant potential as anticancer agents due to their unique physicochemical properties
and mechanisms of action. The high surface area, tunable pore size, biocompatibility, and chemical stability of these nanoparticles
provide a promising platform for targeted drug delivery and combination therapy. Their pH-responsive behavior, enhanced drug
release capabilities, and exploitation of the enhanced permeability and retention (EPR) effect position UiO-66-NH: as a valuable tool in
cancer treatment. By leveraging nanotechnology, UiO-66-NH2 nanoparticles represent a cutting-edge approach, offering the potential
for more effective and personalized cancer therapies.

This study introduces a novel FA-functionalized UiO-66-NH2 MOF for targeted CIS delivery. The incorporation of FA significantly
improves the selective delivery of CIS to MDA-MB-231 breast cancer and A2780 ovarian cancer cells. The developed system exhibits a
pH-responsive release profile, ensuring optimal drug release in the acidic tumor microenvironment. Compared to free CIS, the syn-
thesized UiO-66-NH-CIS-FA formulation demonstrated enhanced anticancer efficacy.

Comprehensive in vitro analyses revealed that UiO-66-NH>-CIS-FA induces apoptosis and cell cycle arrest by upregulating pro-
apoptotic genes (BAX, P53) and downregulating anti-apoptotic and proliferative markers (BCL2, CCND1, CDK4). These findings
establish FA-decorated UiO-66-NH-CIS as a promising targeted nanocarrier, offering improved cytotoxicity and selectivity against
cancer cells while maintaining biocompatibility with healthy cells.
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Fig. 7. The ROS generation in (A) MDA-MB-231 and (B) A2780 cell lines upon exposure to ICsy concentrations of UiO-66-NH, CIS, UiO-66-NH,-
CIS, and UiO-66-NH,-CIS-FA after 48 h of treatment. Data represent means + SD (n = 3). Statistical comparisons were performed relative to the
control group. For all charts, ***: P < 0.001, and ****: P < 0.0001.
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